WO 2004/090516 



PCT/GB2004/001521 



1 

DETECTION METHOD AND APPARATUS METAL PARTICULATES ON 

SEMICONDUCTORS 

The invention relates to method and apparatus for detecting surface particulate 
5 defects, and especially metal particulates, in semiconductors such as silicon. 
The invention in particular relates to an improved method and apparatus to 
characterise defects likely to have an effect on the electrical activity of such 
semiconductor materials, and consequently a deleterious effect on the 
behaviour devices fabricated therefrom. 

10 

Surface particles in semiconductor processing are a major cause of 
degradation of device performance and device yield loss. Contaminate 
particles can locally mask lithographic, implant or etch steps which can cause 
shorts or open circuit. Also such particles can degrade the gate oxide integrity, 
15 which degrade the operation of all (MOS) Metal oxide semiconductor devices. 
Particles, with characteristic dimensions such as a fraction of the chip's 
smallest features can lead to killer defects. 

The critical size for a technology has historically been one half or one third of 
20 the gate length for a MOS device. As semiconductors get smaller and smaller, 
copper is seen as a better choice for interconnects because it is a better 
conductor than aluminium. The tendency of copper from interconnects to 
diffuse into the surrounding chip material, poisoning the silicon or other 
semiconductor material, has largely been overcome by modifying the 
25 deposition step to first deposit a barrier material lining the etched tracks, onto 
which the copper is deposited, sealed by further barrier material deposition. 

However, particles generated during processing can inadvertently contaminate 
a wafer. As with any semiconductor-manufacturing step, control of surface 
30 particles is therefore critical. It is customary to measure particulate addition to 
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a wafer after a process step and also after surface cleaning. Location and 
quantification of particles on a wafer surface is accomplished using a laser 
surface scanner, which detects the scattered light from surface particles. The 
wafer surface is excited with a focused laser beam and reflected and scattered 

5 light is collected using a number of different detectors placed at different 
angles relative to the excitation direction. Surface particles scatter the light in 
all directions away from the specular reflection direction. The particle density 
is detected by scattered light pulses, as the laser is scanned across the wafer. 
The particle size is detected through the size dependence of the scattered light 

10 and determined using calibrated standard particle sizes. 

There is a lower limit to the particle size that can be detected, because of the 
wafer surface roughness. The surface itself has a certain amount of scattered 
light and if the particle scatter falls within the surface scatter it cannot be 
15 detected. New laser scanning systems angle resolved measurements could 
overcome this limitation. The current international specification for particles is 
defined as one-half of the design technology: for a 190nm device process this 
would be >90nm particles, with a density ^0.18 cm" 2 . 

20 If the particle size is smaller than the qualification specification it will not be 
detected during particle detection. However metal particles can be present on 
the wafer surface that are within the current particle specification but which 
after processing can diffuse into the semiconductor material and have a 
potentially detrimental effect on the device performance, leading to enhanced 

25 leakage and gate oxide degradation. 

Laser surface scanners detect all types of particles, such as organic, non- 
metallic and metallic. The detection of small metallic particles (below the 
current detection limit) that are on the surface of the wafer or are diffused into 
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the wafer is becoming critical for device processes using Cu interconnects. 
Therefore it is important to monitor incoming wafers for metallic particles, as 
well as device-processed wafers. In addition monitor wafers are used to detect 
particles in device processes equipment such as a furnace or metal etcher, and 
5 this type of wafer would need to be assessed. 

It is an object of the present invention to develop a method and apparatus for 
detecting surface particulate defects, and especially metal particulates, in 
semiconductors such as silicon which mitigates some or all of the above 
10 disadvantages. 

It is a particular object of the invention to provide a method and apparatus for 
detecting such surface particulate defects at sizes below current particulate 
qualification specifications. 

15 

It is a particular object of the invention to provide a method and apparatus for 
characterising such surface particulate defects in a manner that relates at least 
to some extent to their effect on the electrical activity of the semiconductor 
rather than to size alone. 

20 

Thus, in accordance with the present invention in its first aspect a method of 
detecting surface particulate defects, and especially metal particulates, in 
semiconductors such as silicon, and in particular of characterising defects 
likely to have an effect on the electrical activity of such semiconductor 

25 materials, comprises the steps of: 

exposing the surface of the semiconductor structure in the vicinity of a surface 
particulate to at least one high-intensity beam of light from a suitable light 
source, preferably a laser, and in particular a high-intensity laser; 
collecting photoluminescence produced by excitation of the semiconductor 

30 structure by the light beam; 
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processing the collected photoluminescence to produce a result representative 
of the intensity of the photoluminescence response; 

using the result to detect and characterise surface particulate defects, and 
especially metal particulates, in semiconductors such as silicon, and in 

5 particular characterise defects likely to have an effect on the electrical activity 
of such semiconductor materials, for example by then comparing the result 
with suitable reference data and for example a predetermined acceptable 
specification range of photoluminescence to identify unacceptable 
contamination levels resulting from diffusion of contaminant from particulate 

10 into semiconductor structure. 

The photoluminescence technique produces a spatially resolved PL map at a 
resolution determined by the characteristics of the high-intensity beam of 
light. This can be exploited by further preferred features of the present 
15 method, but for the fundamental objective of the invention is to resolve this 
map to a level capable of producing a result indicating the PL intensity over 
the wafer area in the vicinity of a surface particulate and thus obtain useful 
information about the level of contamination, and consequent likely detriment 
to electrical activity. 

20 

Photoluminescence (PL) spectroscopy is a very sensitive technique for 
investigating both intrinsic and extrinsic electronic transitions at impurities in 
semiconductors. When silicon is excited with laser irradiation above the band- 
gap of the material, electron hole pairs are produced. These carriers can 

25 recombine in various different ways, some of which give rise to luminescence. 
The electron hole pairs can be trapped at impurities in silicon and they emit 
photons characteristic of this interaction, thereby giving impurity specific 
information in the photoluminescence spectra. The spectra are inherently 
indicative of the electrical activity of the semiconductor material in the 

30 vicinity of the particulates, being indicative therefore of the effect on this 



WO 2004/090516 



PCT/GB2004/001521 



5 

electrical activity of diffusion of contaminant from the particulates into the 
semiconductor wafer, such as might occur during fabrication even from 
particulates smaller than current specification. Thus, in accordance with the 
method a result related to the deleterious changes to electrical activity in the 
5 region of a particulate is obtained, allowing direct detection of such problems 
rather than indirect screening relying on particulate size considerations. 

This photoluminescence result can then be used to characterise the defect and/ 
or the likely detrimental effect on electrical activity by making a comparison 

10 of the result with previously obtained results, for example from a 
semiconductor sample with known defects and/ or known sample 
performance. For example the photoluminescence result can then be 
compared to a predetermined acceptable specification range developed in 
association with studies using more precise analysis methods (e.g. electrical 

15 yield test methods on the fabricated device). In a refinement of the method, a 
final step comprises making a quality classification of the semiconductor 
structure based upon such a comparison, and in particular rejecting or 
selecting for remedial action semiconductor structures exhibiting a 
photoluminescence response outside the said predetermined acceptable 

20 specification range. 

It has generally been accepted in order to obtain this spectral information and 
unambiguous chemical identification of the optical centres, measurements 
need to be carried out at liquid helium temperatures. It is known throughout 

25 the industry that at room temperature the PL signal is significantly weakened 
and very little useful spectral information can be obtained. However, 
International patent application W098/11425, which describes a non- 
destructive technique that makes practical the detection of electrically active 
defects in semiconductor structures based on room temperature PL. That 

30 reference discloses a PL technique which has industrial application in that it 
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enables the image to be produced within minutes and which has a further 
added advantage in producing micro imaging of small individual defects 
particularly near to the surface of the wafer, where the device is fabricated. 

5 A room temperature PL technique is accordingly preferred, such as in 
particular that described by W098/11425. Moreover, the particular 
effectiveness of this technique in identifying copper contamination in near- 
surface semiconductor structures has been described in International patent 
application WO02/29883. Preferred features of the methods described in 

10 those applications and incorporated herein by reference will be understood to 
be applicable to the present invention. The present invention relies on the 
surprising realisation that these methods can be used not merely to detect 
lattice contamination inherent in the semiconductor structure for the reasons 
set out in those references, but is also singularly effective in detecting 

15 contamination arising from diffusion of contaminant from surface particulates 
into the semiconductor structure, and is accordingly singularly effective in 
providing information about the effect of such particulates in practice which is 
more relevant to ultimate device performance than direct particulate 
measurement methods such as those based on particulate size alone. 

20 

The success of the room temperature PL method disclosed in the above 
references is, in part, due to the probing volume probed by the laser being 
small, spatial resolution preferably 0.1 to 20p.m, ideally 2 to 5|Lim, and with a 
peak or average power density of between 10 4 to 10 9 watts/cm 2 , so that 
25 localised contaminants have much greater effect on the measured PL intensity 
and is also believed, in part, because since the excitation is focused the 
injected carrier density is high. 

The light beam used to generate the PL effect is so controlled, and in 
30 particular beam power and/or wavelength and/or spot size so controlled, as to 
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identify defects at a selective depth in said semiconductor structure, so as to 
collect PL information from a suitable near-surface depth reflecting the level 
at which the device is fabricated. Typically this might for example be from 
the upper 12|im of the semiconductor structure. For certain materials and 
5 devices, smaller depths may be appropriate, down to for example 5|im or even 
ljjin. In particular the light beam used to generate the PL effect is a high- 
intensity laser. 

Reference herein to a high-intensity laser is meant to include, without 
10 limitation, a high power density laser i.e. where regardless of the power of the 
laser the emittance is focused. 

In order to perform the method of the invention effectively, it is necessary to 
locate particulates posing a potential problem and then to obtain the PL 

15 information characteristic of electrical activity of contamination in the vicinity 
thereof, to give an indication of whether diffusion from the particulate into the 
surface is a problem. In a preferred embodiment therefore the method 
comprises a first step of locating surface particulates using a suitable 
particulate imaging method, and a subsequent or simultaneous second step of 

20 generating PL intensity information as above described from the vicinity of 
each particulate to provide a quantification of the extent to which contaminant 
has diffused from the particulate into the near-surface region of the 
semiconductor, in particular to an extent where the level of contaminant will 
be detrimental to device performance. 

25 

The basic PL technique can be used to generate a PL map imaging the PL 
response across the whole wafer. This is not likely to be the most rapid 
alternative in practice. The particulate imaging, mapping and locating method 
might conveniently alternatively be by another suitable method. This might 
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involve the generation of a scattered light dark field image and/or a reflected 
light bright field image. 

In the former case the method might for example be a conventional laser 
5 surface scanning method as above described or another suitable relatively 
rapid scanning method. In the latter case the method comprises generation of 
a reflected light surface map of the area under test, preferably simultaneously 
with the PL image and using the same light source. 

10 That is, the method includes the steps of: 

directing a high intensity beam of light such as a high-intensity laser at a . 
surface of a sample of semiconductor structure to be tested in the manner 
above described; 

producing a first or photoluminescence image from photoluminescence 
15 produced by excitation of the semiconductor structure by the light beam; 

producing a second image mapping the location of the particulates, either as a 
dark field image of light scattered from the surface of the semiconductor 
structure or as a bright field image of light reflected from the surface of the 
semiconductor structure; 
20 using the second image to detect and map surface particulates; 

processing the photoluminescence image to produce a result representative of 
the intensity of the photoluminescence response of the semiconductor 
structure in the vicinity of the surface particulates so detected; 
for example then comparing the result with a predetermined acceptable 
25 specification range of photoluminescence. 

The second image may be produced from light from the same primary light 
source as that generating the PL image, or from an additional high intensity 
light source, in which latter case the additional light source is preferably a 
30 laser source, such as a conventional laser scanner, and the method comprises 
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directing a second high intensity beam of light such as a high-intensity laser at 
a surface of a sample of semiconductor structure to be tested simultaneously or 
successively with the first high intensity beam of light, respectively to 
generate the said particulate map image and the said PL response. 

5 

Comparison of the first and second images to identify target particulates may 
be merely by simultaneous observation. Preferably however the images are 
analysed statistically, for example by digitizing prior to performing a 
numerical comparison/ analysis. 

10 

Preferably, the method involved generating a digitized intensity measurement 
(e.g. point by point reading but preferably a digitized intensity map) 
representative of the intensity of the first, PL image; generating a digitized 
intensity measurement (e.g. point by point reading but preferably a intensity 
15 digitized map) representative of the intensity of the second image; numerically 
processing the digitized intensity measurements to produce the result above. 

A suitable detailed example of such a method is described in International 
Application No WO 02/077621. 

20 

The PL image and the corresponding reflected surface image or other map 
which is equivalent to an optical microscope image may be recorded. Surface 
particles are detected in reflected image. Only after contaminant from the 
surface particle has diffused into the wafer (and the contamination is now in 
25 the Si or other semiconductor crystal lattice) are metal-related defects 
produced which are electrically active. These metal related defects are now 
observed in the PL map because they are electrically active. Therefore it is 
easy to identify areas for investigation by inspecting and comparing the PL 
and surface image recorded at the same location. 

30 
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The preferred PL technique of the present invention is capable of generating a 
spatially resolved PL map across the area of the wafer. In the primary method 
of the invention, PL intensity data is collected for each particulate which is 
compared with reference data to make the quality control decision. If the 
5 method is to be used for such a go-no go quality control decision then only the 
PL level associated with a particulate is of concern. Coarse scanning by 
another more rapid method to locate particulates is used as above. 

Nevertheless, it is a particular advantage of the technique of the present 
10 invention that it can additionally be used to generate a spatially resolved map 

of PL signals across the surface of the semiconductor under test, and in 

particular to generate a spatially resolved image of those signals. 

Accordingly, in a preferred embodiment, the method further comprises the 

step of generating such a map and/or such an image. In these circumstances, it 
15 can be appropriate to work to mapping/imaging resolutions of 0.5 mm or less 

across the entire wafer. It might for example be appropriate to use such more 

detailed map generation on a batch sampling basis. 

If the wafer is annealed this would diffuse contaminant from the particle into 
20 the wafer and make their detection easier. Accordingly, in a preferred 
embodiment of the method, the semiconductor material is first heated to 
anneal and effect such diffusion prior to carrying out the detection steps as 
above. This might again be more suited to a batch testing process for quality 
control. 

25 

Heating of the semiconductor material may be effected by any suitable 
process, for example by incorporating heating means into any carrier 
apparatus. Heating to temperatures of between 200 and 400°C can be suitable 
to encourage more rapid diffusion of target species and create the desired 
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annealing effect. Alternatively, the annealing effect might be produced 
inherently, particularly during device processing, for species with high 
diffusion rates at lower temperature. 

5 Copper in particular diffuses very rapidly at low temperatures, as compared to 
other metallic impurities. Therefore if wafer was heated prior to analysis, the 
main effect observed should due especially to Cu. The method is in particular 
a method of detecting contamination from copper surface particulates, and in 
this example of the method the optional heating step is particularly useful. 

10 

The result from the annealed sample may again be used to detect and 
characterise surface particulate defects, and especially metal particulates, in 
semiconductors such as silicon, and in particular characterise defects likely to 
have an effect on the electrical activity of such semiconductor materials, for 
15 example by then comparing the result with a predetermined acceptable 
specification range of photoluminescence to identify unacceptable 
contamination levels resulting from diffusion of contaminant from particulate 
into semiconductor structure. 

20 Moreover, diffusion rates vary between species. This allows a fiirther 
refinement of the invention. The detection steps may be repeated and a 
photoluminescence result collected prior to and subsequent to an annealing 
step and the results compared to determine the difference and obtain an 
indication of rates of diffusion so as to identify the contaminant. 

25 

In a further alternative the invention thus comprises a first step of collecting 
photoluminescence produced by excitation of the semiconductor structure by 
the light beam and processing the collected photoluminescence to produce a 
first photoluminescence result representative of the intensity of the 
30 photoluminescence response as above described; 
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a heating step as above described to anneal the sample; 

a second step of collecting photoluminescence produced by excitation of the 
semiconductor structure by the light beam and processing the collected 
photoluminescence to produce a second photoluminescence result 
5 representative of the intensity of the photoluminescence response as above 
described after annealing; 

a step of comparing the results of each photoluminescence step to determine 
the difference and obtain an indication of rates of diffusion so as to identify 
the contaminant. 

10 

Again, the comparison between first and second photoluminescence results is 
preferably performed numerically, for example by digitizing 
photoluminescence information collected at each stage prior to performing a 
numerical comparison/ analysis with reference to known diffusion data for 
15 likely contaminant species. 

In accordance with a further aspect of the invention an apparatus for detecting 
surface particulate defects, and especially metal particulates, in 
semiconductors such as silicon, and in particular for characterising defects 
20 likely to have an effect on the electrical activity of such semiconductor 
materials, comprises means to perform the foregoing method. 

In a particular example the apparatus therefore comprises a support for a 
semiconductor sample under test; a high intensity light source, preferably a 

25 laser, and in particular a high-intensity laser; means to focus a high intensity 
beam of light from the light source onto a surface of a semiconductor sample 
under test on the support; collection means to collect photoluminescence data 
produced by excitation of the semiconductor structure by the light beam at 
least in the vicinity of particulates on the surface thereof; means to process the 

30 collected data to produce a result representative of the intensity of the 
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photoluminescence response in the said vicinity; preferably also a comparator 
to compare the result with suitable reference data and for example a 
predetermined acceptable specification range of photoluminescence to identify 
unacceptable contamination levels resulting from diffusion of contaminant 
5 from particulate into semiconductor structure. 

Preferably the apparatus further includes means to locate particulates on the 
surface of the semiconductor structure, and in particular imaging means to 
create an image map of such location, simultaneously with the PL signal or 
10 otherwise. This might be a scattered light dark field image and/or a reflected 
light bright field image. 

In the former case the imaging means might for example be a conventional 
laser surface scanner as above described with suitable collection optics or 
15 another suitable relatively rapid scanning method. In the latter case imaging 
means are provided to enable the creation of a reflected light surface map of 
the area under test, preferably simultaneously with the PL image using the 
same light source. 

20 For example the apparatus includes a first imaging means to produce a first 
image from photoluminescence produced by excitation of the semiconductor 
structure by the light beam; a second imaging means to produce a second 
image of the surface of the semiconductor structure mapping particulates 
thereon, either as a dark field image of light scattered from the surface of the 

25 semiconductor structure or as a bright field image of light reflected from the 
surface of the semiconductor structure; an image processor to process the 
second image to detect and map surface particulates and to process the first 
image to produce a result representative of the intensity of the 
photoluminescence response of the semiconductor structure in the vicinity of 
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the surface particulates so detected; and a comparator to compare the result 
with a predetermined acceptable specification range of photoluminescence. 

The second image may be produced from light from the same primary light 
5 source as that generating the PL effect, or from an additional light source, in 
which latter case the additional light source is preferably a laser source, such 
as a conventional laser scanner. 

The imaging means may include a display (direct screen, photographic, 
10 camera and screen etc) allowing simultaneous viewing by an observer. 
Additionally or alternatively, digital imagers such as digital cameras collect 
digitised image intensity data to be processed numerically as above described. 

In further preferred embodiment of the invention the light source of the 
15 apparatus comprises a laser of a spot size of between 0.1mm and 0.5 microns 
and/or a power density of between 10 4 to 10 9 watts/cm 2 . 

Preferably the apparatus further includes means to heat the sample under test 
to produce the annealing effect above described. In one alternative therefore, 

20 the apparatus is an apparatus for detecting surface particulate defects, and 
especially metal particulates, in semiconductors such as silicon, to characterise 
defects likely to have an effect on the electrical activity of such semiconductor 
materials, and comprises a support for a semiconductor sample under test; a 
high intensity light source; means to focus a high intensity beam of light from 

25 the light source onto a surface of a semiconductor sample under test on the 
support; collection means to collect photoluminescence data produced by 
excitation of the semiconductor structure by the light beam at least in the 
vicinity of particulates on the surface thereof; means to process the collected 
data to produce a result representative of the intensity of the 

30 photoluminescence response in the said vicinity; heating means to heat the 
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sample in situ, allowing a photoluminescence response to be measured before 
and after heating, and a comparator to compare the said two 
photoluminescence responses to determine the difference and obtain an 
indication of rates of diffusion so as to identify the contaminant. 

5 

In particular heating means are associated with the support. For example the 
support comprises a heated stage. 

Other preferred apparatus features will be appreciated by analogy with the 
1 0 foregoing description of the method. 

The invention is illustrated with reference to Figures 1 to 5 of the 
accompanying drawings in which: 

15 Figures 1 to 4 show various images produced by an apparatus in accordance 
with the invention; 

Figure 5 is a schematic representation of an implementation of the invention. 

20 Figure la shows a PL image revealing an area containing of surface metal 
particle induced contamination. After low temperature heating at 250°C (See 
Figure lb) the defect contrast and the size of the area effected by the 
contamination have increased. The similar type of effect is shown in Figures 
2a-2b. This is attributed to diffusion of the metal particle into the Si wafer. 

25 

Copper can diffuse into a Si wafer a room temperature, and it can diffuse 
through the wafer thickness («625 urn) from the wafer backside to the wafer 
front in 4 hours. Clearly any contamination on the backside caused by 
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handling could be transferred to the wafer front surface and effect the devices 
fabricated in this region. 

As noted, copper diffuses very rapidly at relatively low temperatures, as 
5 compared to other metallic impurities. Therefore if the wafer was heated prior 
to analysis in accordance with the invention, the main effect observed should 
due especially to Cu. Also when low levels of Cu are diffused into the crystal 
lattice this can cause an increase in the local PL signal (previous SiPHER Cu 
patent) and can be used to identify Cu metallic particles diffused into the 
10 wafer. 

The effect of the intentional Cu particle induced contamination was also 
investigated. The wafers were annealed at 400°C for 30 minutes to increase 
the diffusion of the metal contamination into the wafer, enhancing the 

15 defective area contrast. Figure 3a-3b show large area scans revealing the 
contamination effect by the surface particles. These defects are shown as 
having halo effects or moon like features (see defects labelled P in Figures 3 a- 
3b). These particles induced defective areas cover between 200-600 pm. The 
wafer could then mapped to produce a wafer map. The particle enhanced 

20 diffused areas could be readily identified. 

A micro scan recorded at high resolution (as shown in figure 4a-4b) reveals 
the effect of particle diffusion into the wafer. The PL micro map and the 
corresponding surface image reveal the particle in the centre of the scanned 
25 area. 

By measuring the image after controlled heating it would be possible to get 
information on the nature of the metal diffusing. Since each metal has a well 
known diffusion constant in Si, by heating the wafer for a fixed time and 
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temperature and measuring the SiPHER image before and after heating an 
indication of the potential type of metal contamination can be obtained. 

L = y[4tD 

5 

D=Diffusion coefficient at heating temperature (cm 2 /s) 
L= Diffusion length (cm) 
T=Time (Seconds) 

10 For example heating at a temperature of 1050°C, for lhour. Cu can diffuse up 
to 12mm, compared to 2mm for Fe and about 0.007 mm for Ti. 

Metal particle defects could be detected by using different heating methods 
and chemical treatments used in a typical device process, such as furnace 
15 oxidation, rapid thermal processing (RTP). Also an in-situ hot wafer chuck, or 
halogen lamp could be used. Alternatively laser heating could be used, either 
employing the light source used for the PL effect and/ or particulate imaging 
as above described, or from a yet further dedicated source. These could all be 
part of the system. 

20 

Also the particles could be detected using a laser surface scanner as part of the 
hardware. The particles could be inspected directly in the same hardware 
configuration using the measurement optics described for example in the prior 
art patent applications referred to hereinabove. 

25 

Also wafer maps can be recorded on the wafer backside. This helps to identify 
whether the source of the contamination came from the wafer back surface. 
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Figure 5 is a measurement process flowchart illustrating a possible 
implementation of the invention. 



